CHILDREN SURVIVING INFANCY with serious cyanotic congenital heart disease tend to be short and underweight.' When underweight, these young patients appear to have subnormal amounts of adipose tissue.1' Theoretically, this reduced body fat results from a decrease in either the total number of adipocytes or average adipocyte size. In this report, we present data suggesting that reduced body fat in children with cyanotic congenital heart disease as compared with acyanotic, asymptomatic congenital heart disease, is primarily due to diminished adipocyte number, and not to reduced adipocyte size.
Methods and Materials
Thirty-five children, ages 2 through 14 years, with congenital heart disease were the subjects of this investigation.
The patients were divided into two groups. One group consisted of 19 children with cyanotic congenital heart disease who were hypoxic from infancy. These children all had either arterial oxygen saturations of 85% or below, or pO2s of 50 torr or less, or both. The second group was composed of 16 children with acyanotic, asymptomatic congenital heart disease. These acyanotic patients had arterial oxygen saturations greater than 93% or pO2s above 70 torr, or both.
The group of acyanotic children served as the basis for comparison to reduce the importance of congenital heart disease per se as a variable. No child in either group had other known congenital defects.
Adipose tissue samples weighing approximately 100 mg were obtained from the groin through incisions performed for cardiac catheterization or for cardiovascular surgery. For comparison, additional fat samples were taken from the arm and/or chest wall in several patients. Fat cells from these other sites were very similar to those from the groin.
Fat cell size and number were determined by the method of Hirsch and Gallian' as modified by Stern and Conrad.6 After washing, a portion of the tissue sample was placed in a body fat (P < 0.001). Although there was no difference in adipocyte size, total adipocyte number was less in the cyanotic children (P < 0.001), suggesting that the reduced body fat found with cyanosis is due to adipocyte hypocellularity. The additional observation that cyanotic patients were shorter (P < 0.003) and had less lean body mass (P < 0.001) than noncyanotic children implies that early hypoxemia produces widespread abnormalities which impair growth.
flask containing 5 ml 2% solution of osmium tetroxide and .5 M collidine buffer and incubated at 37°C for 72 hours. Intact osmium-fixed cells were separated from the tissue matrix during this period and were then washed with water through a 250 Nitex screen. These cells were then collected quantitatively on a 25 , Nitex screen, after which they were transferred to a beaker containing a known amount of saline. They were then counted in a Celloscope Automatic Particle Counter and the total number of cells and, in selected cases, their distribution according to size were determined. In those cases where the distribution was plotted, there was only a single large peak well away from the upper and lower limits of the measurement method. Lipid content per wet tissue weight was determined in the remaining portion of the adipose tissue specimen. After homogenizing the tissue and extracting with hot Folch reagent, lipid content was determined gravimetrically. Cell size (average lipid content/cell) was calculated from the equation:
% lipid X weight of sample total number of cells in sample Total adipose cell number for each patient was estimated by dividing the total body fat by the average cell lipid content.
Total body fat was estimated by two independently derived equations. The first was developed by Friis-Hansen7 and relates patient height and weight measurements to total body water from which lean body mass and ultimately total body fat can be computed. This method was originally validated by measuring total body water with the deuterium oxide dilution method, and later by determining lean body mass from total body potassium-40 measurements.8 The second equation employs skinfold measurements and was described by Brook9 who validated it with measurements of total body water using deuterium oxide. All skinfold measurements in this study were performed with Harpenden calipers"' and were made by one of the investigators. Comparison of total body fat estimated by the two methods in 71 children, including many subjects in this report, showed a strong correlation (r = 0.873). In this report, total body fat based on the Friis-Hansen method is used.
The male/female ratio was 8/11 in the cyanotic group and 9/7 in the acyanotic group. When data from all 35 patients were pooled, significant positive age trends were noted for height (P < 0.001), weight (P < 0.001), body fat (P < 0.001), adipocyte size (P < 0.03), adipocyte number 916 (P < 0.001), and lean body mass (P < 0.001). Therefore, in the statistical comparisons to be presented, three-way analysis of covariance (SPSS computer program) was used to simultaneously adjust for both the main effects and any interactions between age and sex, and the other variables of interest. A difference was considered statistically significant when the P value was less than 0.05.
Results

Clinical Data
The patients' age, sex, cardiovascular defect, and arterial oxygen saturation and/or PO2 are listed in table 1. There was no significant age difference between the cyanotic and acyanotic groups. Tetralogy of Fallot and transposition of the great arteries were the most common cardiovascular anomalies in the cyanotic patients while small ventricular septal defect and mild aortic stenosis were the most common in the acyanotic, asymptomatic group. Of the 19 cyanotic children, only five (R.H., C.W., G.M., S.D.S. and A.M.C.) developed congestive heart failure. Comparison of total body fat-in children with cyanotic and acyanotic, asymptomatic congenital heart disease. Early nutritional alterations known to permanently affect adipose cellularity suggest that oxygen deficiency in infancy has an important role in producing adipose hypocellularity in cyanotic congenital heart disease. Calorically restricting rats prior to weaning results in hypocellularity of epididymal fat pads which cannot be corrected by later ad libidum feeding.'9 On the other hand, when nutrition prior to weaning has been adequate, caloric restriction after weaning leads to temporary reduction in lipid containing cells which is reversible if the nutritional deficiency is later corrected.'8 Thus, permanent hypocellularity seems to result only if nutritional deprivation takes place prior to that critical time when the adult complement of cells has been determined. In addition, it has been shown that caloric restriction in mature animals and humans reduces adipose deposits by decreasing adipocyte lipid content rather than cell number. '7 Human data indicate that permanent effects on adipose cellularity are most likely when nutritional influences operate during the critical early period of development. This critical period in man seems to approximate the first year of life.16 Since nutritional deficiency is associated with congenital heart disease and early hypoxemia, it is reasonable to hypothesize that chronic hypoxemia developing in infancy will result in potentially irreversible adipose tissue hypocellularity. For similar reasons, early congestive heart failure might also contribute to such adipose tissue changes. However, heart failure does not appear to be essential for these changes to develop since 14 of our 19 cyanotic patients were free of the condition.
Although it is possible that the smaller amount of body fat found in cyanotic patients is not the result of true adipocyte hypocellularity but is due to a pool of lipid-poor adipocytes and pre-adipocytes, we consider this unlikely for a number of reasons. First, our interpretation is consistent with existing animal and human data indicating that adipocyte cellular division occurs very early in postnatal development and is vulnerable to nutritional perturbation. Second, examination of the size distribution of counted adipocytes revealed only one peak per patient. Thus, although not ruled out, our data did not suggest a large pool of cells that was not counted. Finally, and perhaps most important, postoperative growth and weight gain following relatively late repair of transposition of the great arteries and tetralogy of Fallot, although impressive, result in children who are still undersized and underweight,2 implying a limiting factor such as permanent hypocellularity. If lipid-poor cells too small for detection exist in cyanotic patients, a normal complement of adipocytes should become detectable with postoperative weight gain and lipid filling of these preexisting adipocytes regardless of the age at which repair is performed. Conversely, if permanent hypocellularity results from early nutritional deprivation, only children whose defects are repaired early should manifest a normal complement of adipocytes postoperatively, whereas those whose defects are repaired late should continue to show a subnormal amount of body fat and hypocellularity. Serial studies, including pre and postoperative determinations of adipocyte lipid content (cell size) and total adipocyte number, in children whose defects are repaired at various ages should clarify this issue.
It is possible that early hypoxia contributes to abnormal development of nonadipose organs as well. Diminished lean body mass in cyanotic patients supports this possibility. Recognizing that adipose organ size has an obvious role in determining weight but not height, the shortness of cyanotic patients argues further for the involvement of lean tissues. Pertinent in this respect are reports of cellular deficits in certain nonfat organs of rodents2" made hypoxic early in life and the inference of reduced skeletal muscle cell number in some patients with symptomatic congenital heart disease."3 These observations in man and animals indicate the need to examine other organs and to evaluate cellular function in children with cyanotic congenital heart disease. If functional abnormalities are associated with the morphologic changes it will become necessary to determine at what developmental stage these defects become irreversible. This type of information could prove invaluable in improving the criteria for reparative cardiovascular surgery and its timing. 919
